with velocity v, density p, speed of sound c, and pressure p, exiting from a parallel-walled nozzle, as shown in Figure  1 -a. The result which we obtain, however, is much more general and applies to more complicated flow configurations such as the one shown in Figure  1 -b. Equation (1) 
where p now denotes the acoustic pressure fluctuation normalized by fi_2,
Dt
Ot aXl denotes the convective derivative, and t denotes the time.
[' represents the acoustic source distribution and is given by 
in the high-frequency limit k _-__
where _'_ is the speed of sound in the region of zero mean flow,
s={s,,s2,sa}-VS.
The solution to this first-order partial differential equation can be obtained by the method of characteristics by calculating S along the rays x(r)
, which are determined by the ordinary differential equations
subject to the initial conditions at the source position x 8 that the initial ray velocity is proportional to the initial ray direction, say {cos #, sin # cos A, sin # sin A},
where the dot denotes differentiation with respect to r, the subscript s denotes quantities evaluated at the source position x 8, and the proportionality constant % is given by The amplitude function ¢ is given by
where J denotes the Jacobian determinant
0 '
with da = Idxl denoting the distance along the ray.
Once these equations are solved, the Eikenal can be found by integrating the equation
and the velocity fluctuation ua, corresponding to the acoustic pressure perturbation PG, can be calculated from
The important thing to notice is that the derivation of these results is completely independent of any boundary conditions that are imposed on the surface E of the duct, and the termination curve C of the duct exit. The latter gives rise to the so-called defracted radiation which (Pierce [7] example, [7] .)
The reflected wave is still given by equations (6) Thus, the pressureand velocity on the boundary E are given by
and
(recall that U is assumed to be zero at _). 
which is equal to the far-field value of this quantity for any ray that propagates to infinity (which are the only ones we are interested in here). In this region (where the mean flow is zero), the acoustic rays are straight lines and are therefore given by
where R can be taken as the distance between the source point and the observation point, and 0oo and Coo denote the far-field polar and circumferential angles, respectively, shown in Figure  1 .
It therefore follows from Eqs. (11) to (13) and the Eikenal equation (18) that/_ = 1, and that sl = cos 0oo.
The Jacobiandeterminant (17) becomes
and it now follows from (12), (14), and (28) that
Eliminating 7, between this and equation (15) shows that 0_ depends only on #, and not X, and that
Inserting this into (16) and using (29) shows that
where we have used the ideal gas law to obtain this result and put and using the fact that (at lowest approximation) the partial derivatives operate only on the frequency-dependent terms in the exponent, we obtain
Then, carrying out the integration, first with respect to xx _ (to obtain a (f-function), and then with respect to w, shows that
where we have put Mc = Ucl_oo, ks = w,/5oo and
Then it follows from equation (32) that Ip12_ (4zrR)2c_ (1 .... 
¢---
and not the source frequen.cy ws. and era are given explicitly by
When multiple rays (which we individuate by a superscript in parentheses) reach the observer, the far-field pressure is given by the somewhat more complicated formula 4 . ks Q,ijQktDijkl
where * denotes the complex conjugate, and the dependence on the transverse sourcecoordinatesr,, ¢,, and the emission angle A enters through
where n denotes the number of rays reaching the observer. 
It follows from equations (14), (15) (generalized to arbitrary position along a ray), (44) and (28) that T is related to ,9 by
Equations (13) can then be combined to obtain the second-order system
where Vt denotes the cross stream divergence. This is the same as equation 
that it can be reduced to the single second-order equation
where
Ir2+
which is to be solved subject to the initial conditions 
This result can now be .used to calculate the sound emitted by an actual turbulent flow by assuming that the turbulent eddies behave like compact sound sources,and using Lilley's equation to showthat the spectral source strength _iikt is related to the fourth-order, two-point, time-delayedcorrelation function of the turbulence
in the usual way by
where the single prime indicates that the quantity is evaluated at the position and time (xS',t), the double prime indicates the position and time (x%t +-r),
and denotes the mean position of the source.
Since the sound field is always produced by a distribution of sources rather than by a single point source, the final result will involve an integral of Eq.
(59) (and consequently of Eq. (46)) over the transverse source coordinates rs and ¢,. Then, since So('`) is a function of these coordinates, the contribution from the cross-couplingtermsin (46) will be smallerthan the contribution of the m = n terms by a factor of (at least) w -1/u, which in a strict asymptotic sense is negligible in the high-frequency limit. However, the zero-mean-flow computations of Boyd, Kempton and Morfey [8] 
.=1 0_oo "
Since the fourth-order correlation tensor is very difficult to measure experimentally, or even calculate numerically, it is usual to assume that the turbulence is quasi-normal, and, consequently, that Rijkl can be expressed as the product of second-ordercorrelations( [9] , [10] )
In order to simplify this further, Goldstein and Rosenbaum [11] , Kerschen [12] , and, more recently, B_chara et hi. [13] and Khavaran [14] , assumed that the turbulence is axisymmetric about the direction of the mean flow. The analysis given in Ref. [1] (see also [2] ) then shows that
where we have dropped the superscript (n) on the ai, and
are symmetric in their indices. figure   2 , which is a plot of ¢_ vs. )_ for the indicated source location. Also, since r,d¢, is the element of arc length, the total sound radiated by the ring source will be directly proportional to the radius r,.
Numerical results
Results for the directivity patterns due to a ring source within a round duct were computed for a constant mean speed of sound, _ _-coo, and mean
Mach number profiles of the form
where M0 is the centerline Mach number and the parameters a and b are used to control the profile shape.
The source terms in Eq. (66) For sufficiently small far-field polar angles outside the zone of silence, all rays emanating from the source reach the far field and, for the perfectlyreflecting, hard-walled duct considered here, the duct has no effect on the 
